This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background: SIRT1, which belongs to the Sirtuin family of NAD-dependent enzymes, plays diverse roles in aging, metabolism, and disease biology. It could regulate cell survival and has been shown to be a protective factor in heart function. Hence, we verified the mechanism by which SIRT1 regulates doxorubicin induced cardiomyocyte injury in vivo and in vitro. Methods: We analyzed SIRT1 expression in doxorubicin-induced neonatal rat cardiomyocyte injury model and adult mouse heart failure model. SIRT1 was over-expressed in cultured neonatal rat cardiomyocyte by adenovirus mediated gene transfer. SIRT1 agonist resveratrol was used to treat the doxorubicin-induced heart failure mouse model. Echocardiography, reactive oxygen species (ROS) production, TUNEL, qRT-PCR, and Western blotting were performed to analyze cell survival, oxidative stress, and inflammatory signal pathways in cardiomyocytes. Results: SIRT1 expression was down-regulated in doxorubicin induced cardiomocyte injury, accompanied by elevated oxidative stress and cell apoptosis. SIRT1 over-expression reduced doxorubicin induced cardiomyocyte apoptosis with the attenuated ROS production. SIRT1 also reduced cell apoptosis by inhibition of p38MAPK phosphorylation and caspase-3 activation. The SIRT1 agonist resveratrol was able to prevent doxorubicin-induced heart function loss. Moreover, the SIRT1 inhibitor niacinamide could reverse SIRT1's protective effect in cultured neonatal rat cardiomyocytes. Conclusions: These results support the role of SIRT1 as an important regulator of cardiomyocyte apoptosis during doxorubicin-induced heart injury, which may represent a potential therapeutic target for doxorubicin-induced cardiomyopathy.
SIRT1 Suppresses Doxorubicin-Induced

Introduction
Doxorubicin, a potent chemotherapeutic agent used for a wide variety of malignancies, is associated with both acute and chronic cardiotoxicity. Since the 1970s, it has been know that doxorubicin is associated with the development of chronic systolic heart failure, which is related to the dosage and duration of treatment [1] [2] [3] [4] . The responsible mechanisms include oxidative stress, endothelial cell injury, myofibrillar deterioration, apoptosis, and intracellular calcium dysregulation [5] [6] [7] [8] .
SIRT1 is a conserved protein, and a NAD+-dependent deacylase. Its function is linked to cellular metabolism, through its ability to sense changes of energy in the nucleus, cytoplasm, and mitochondrion [9] . SIRT1 influences the metabolism of many target proteins in various tissues, including heart, liver, muscle, adipose tissue, and endothelium [9, 10] .
In stressed cardiomyocytes, such as oxidative stress or ischemia reperfusion, the activation of p38MAPK promotes cardiomoycyte apoptosis, which contributes to deteriorating cardiac contractile function and left ventricular remodeling during heart failure. Strong evidence has suggested that p38MAPK inhibition could attenuate cellular inflammatory reactions and protect cell from apoptosis [11] [12] [13] .
In this study, we investigated the protective effects of SIRT1 on doxorubicin-induced cardiotoxicity in cultured primary neonatal rat ventricular myocytes and in adult C57BL/6J mice and elucidated the underlying mechanisms of the protective effects of SIRT1. Our results demonstrate that SIRT1 and SIRT1 agonist could suppress oxidative stress and apoptosis and ameliorate doxorubicin-induced cardiotoxicity by regulating p38MAPK pathway. These findings provide insight into the mechanisms by which SIRT1 acts as a potential therapeutic prescription for lessening the cardiotoxicity caused by doxorubicin.
Materials and Methods
Animal experiment 6-8 week old male C57BL/6J mice (n= 60) were randomly divided into 3 groups of 20 mice each. Normal control (Con) mice were injected and orally received an equivalent volume of placebo (saline). Doxorubicin-treated mice (DOX) were injected with a single dose of doxorubicin dissolved in saline (20mg/ kg i.p.) and received an orally equivalent volume of saline. Doxorubicin plus resveratrol treated mice (DOX + RES) were pretreated with resveratrol (10 mg·kg body weight−1·day−1) for 3 days by gavage before the injection and administered resveratrol for 5 additional days after the injection of the same dose doxorubicin as the DOX group [13] .
All of the mice in 3 groups were euthanized 5 days after the initial injection of doxorubicin. All of the animal experiments conformed to the protocols approved by the Beijing Anzhen Hospital Animal Use and Care Committee and to the Guide for Care and Use of Laboratory Animals (NIH Publication #85-23, revised 1996).
Isolation and culture of rat cardiomyocytes
Neonatal rat ventricular myocytes (NRVMs) were isolated from 1-day-old Sprague Dawley rats via trypsin and collagenase type II combined digestion described previously [14] . The cardiomyocytes were plated at a density of 6.6 × 104 cells/cm2 in high glucose DMEM supplemented with 10% FBS in the presence of 0.1 mM 5-bromo-2-deoxyuridine.
In situ detection of reactive oxygen species (ROS)
To evaluate cardiomocyte ROS production in situ, frozen, unfixed, whole heart cross-sections or cultured NRVMs were stained with 10 μM DHE (Sigma) in a dark, humidified chamber at 37°C for 30 min. ROS generation was indicated by red fluorescence and was visualized with fluorescence microscopy [14] . 
Echocardiography
After doxorubicin injection for 5 days, mice were lightly anesthetized with 1%-1.5% isoflurane in oxygen until the heart rate stabilized at 400 to 500 beats per minute. Echocardiography was performed using Vevo 770 and Vevo 2100 (VisualSonics) instruments. Fraction shortening (FS%) was calculated with Vevo Analysis software (version 2.2.3) as described previously [15] .
Histology
Histology was performed with hearts and sections as previously described [13] [14] [15] . Tissues were processed as paraffined and subsequently analyzed by H&E staining according to the manufacturer's protocol (Sigma-Aldrich).
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) in heart cryosections and cultured cardiac myocytes
Nuclear fragmentation was detected by TUNEL staining with an apoptosis detection kit (Roche) and the nuclei were stained by 10 mM Hoechst 33342 as previously described. Cells (500-700) in 10 randomly chosen fields from each dish were counted to determine the percentage of apoptotic nuclei [14, 15] . Each data indicates the results from 3 independent experiments.
3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) cell viability assay
Cell viability was examined by the MTT assay according to the instructions of the manufacturer (Roche) , as described previously [14] . NRVMs (5000 cells/ well) were plated onto 24-well plates. NRVMs were pretreated with resveratrol for 1 h and then treated with the indicated concentrations of doxorubicin for 24 h. All assays were performed in triplicate.
Adenovirus construction
Recombinant adenoviruses containing mouse SIRT1 cDNA (SIRT1-Ad) were prepared using the AdEasy system according to the manufacturer's protocol. The β-gal vector adenovirus (Vector-Ad) was used as the control in this study. The SIRT1-Ad infection was performed at a multiplicity of infection (M.O.I.) of 20. Vector-Ad was added to the control groups to maintain a consistent viral load [14] .
Western Blot A Western blot was used to assess the SIRT1 protein abundance using a primary antibody directed against SIRT1 (Millipore). In a subset of the experiments, antibodies used in this study were phosphorylationp38MAPK (p-p38MAPK), p38MAPK, caspase-3 (Cell Signaling Technology) and Bax, Bcl-2, SOD-1 (Santa Cruz). ImageJ software (NIH) was used to perform densitometry analysis [14] .
Statistical analysis
The data were expressed as the mean±SEM. Student's t -tests were used to compare two conditions, and a one-way ANOVA with Bonferroni correction was used for multiple comparisons. Probability values of less than 0.05 were considered significant.
Results
Doxorubicin could induce cardiomyocyte injury
To identify the cardiomyocyte injury induced by doxorubicin and the mechanism, we assessed the cell survival rate between control and doxorubicin treated cells (Fig. 1A) . As shown in Fig. 1A , compared to control, doxorubicin treatment reduced cell viability in a dosedependent manner. 1 μM doxorubicin treatment led to decreased cell viability by 37.4±5.4%. Therefore, we used 1 μM doxorubicin for the remainder of the experiments. Similarly, TUNEL assay (Fig. 1B-C) showed doxorubicin triggered cell apoptosis in a dose-dependent manner. We also found that doxorubicin could promote p38MAPK phosphorylation and caspase-3 activation (increased cleaved or active form of caspase-3), and decrease SIRT1 and SOD-1 expression (Fig. 1D) .These results suggest that doxorubicin induces cardiomyocyte injury by promoting oxidative stress, inflammation and apoptosis. The protective effect of SIRT1 on doxorubicin-induced cardiotoxicity For these experiments, SIRT1 was over-expressed in NRVMs using adenoviral vectors ( Fig.  2A and B) . The effectiveness of this over-expression was demonstrated by the substantially increased SIRT1 protein abundance in the SIRT1-Ad but not Vector -Ad (a vector adenovirus 
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Cellular Physiology and Biochemistry control). This group with increased SIRT1 protein was shown to exhibit decreased ROS production, as shown in Fig. 3 (p<0.01 when compared with the control group). This effect on ROS production after doxorubicin was nullified by the SIRT1 antagonist niacinamide (Fig.  3A) . After doxorubicin treatment, the cell survival rate was improved in the SIRT1 overexpressed group compared with adenovirus control group, whereas the group treated with 40mM niacinamide showed no difference between SIRT1 over-expression and control (Fig.  3B) . TUNEL assay showed similar results of decreased TUNEL staining with SIRT1 overexpression unless inhibited by niacinamide (Fig. 3C) . Additionally, Western blot analysis indicated that SIRT1 over-expression decreased the cleaved caspase-3 after doxorubicin treatment. Similarly, the activation of pro-inflammatory mitogen activated protein kinases (p38MAPK) was attenuated in NRVMs which had over-expressed SIRT1, when compared with the control group (Fig. 4) . These experiments collectively demonstrate that SIRT1 inhibits doxorubicin-induced oxidative stress, decreases the pro-inflammation reaction, and decreases apoptosis.
SIRT1 ameliorates doxorubicin-caused cardiotoxicity and apoptosis in vivo
These experiments consisted incorporate a heart failure model using doxorubicintreated male C57BL/6 mice. As shown by H&E staining, doxorubicin-induced heart failure was associated with decreased thickening of the left ventricular wall and increased ventricular dilatation (Fig. 5A) . We quantified cardiac function by echocardiography analysis and measurement of the ejection fraction (EF). Compared with control mice, doxorubicintreated mice exhibited decreased EF, and increased level of intracellular ROS (Fig. 5B) . Treatment with the SIRT1 agonist resveratrol was shown to inhibit ROS production (Fig.   Fig. 3 . SIRT1 over-expression attenuates oxidative stress-mediated NRVM apoptosis. NRVMs were infected with Vector-Ad or SIRT1-Ad (both at 20 M.O.I. for 24 h). A: Representative DHE staining of Vector-Ad and SIRT1-Ad transfected NRVMs in control (Con), 1 μM doxorubicin (DOX), 1μM doxorubicin plus 40mM niacinamide(DOX+NIC) -treated conditions and the average data of ROS production (n = 3). B-C: SIRT1 over-expression markedly increased cell survival and reduced cell apoptosis as assayed by the MTT assay (B) and TUNEL staining (C) , the total number of cells in each group was 800-1000 (n=3, *P <0.05, **P <0.01, N.S.-no significant differences).
Fig. 4. SIRT1 over-expression attenuates inflammation and pro-apoptosis pathways in doxorubicin treated
NRVMs. SIRT1, pro-caspase-3 (p-caspase-3), cleaved caspase3(c-capsase-3), SOD-1, p-p38, p38 and GAPDH in NRVMs which were infected with Vector-Ad(V) or SIRT1-Ad(S), and then treated with basal condition (Con), doxorubicin(DOX), or doxorubicin plus 40mM niacinamide(DOX+NIC) (n=5, *p <0.05, **p <0.01). 5C). When assayed by TUNEL staining (Fig. 5D) , the number of apoptotic cells was higher in the hearts of doxorubicin-treated C57BL/6 mice (25.04±7.91%), compared with hearts from control mice (1.95±1.06%). However, pretreatment with resveratrol attenuated doxorubicininduced cardiomyocyte apoptosis (Fig. 5D) . Moreover, Western blot analysis revealed that SIRT1 suppressed doxorubicin-induced p38MAPK, Bax and caspase-3 activation (Fig. 6 ). In addition, Bcl-2 and SOD-1 expression was dramatically upregulated in resveratrol pretreated mice (Fig. 6 ).
Discussion
Although doxorubicin is an extremely effective anti-neoplastic drug, the cumulative dose of doxorubicin that can be administered is often limited by cardiotoxicity. The character of Doxorubicin-induced heart failure is thinning and dilatation of the ventricular wall and a reduced ejection fraction [16, 17] . Our results offer an explanation of the mechanism by which SIRT1 is involved in doxorubicin-induced cardiotoxicity. These experiments also demonstrate that the SIRT1 agonist resveratrol has a protective role against this toxic effect.
As an ubiquitous NAD(+) dependent deacetylase , SIRT1 plays an important role in physiopathology processes , metabolism, stress and aging et al. It has been showed that SIRT1 protects against neurologic disease, gastroentery disease, cancer metabolic disease and cardiovascular disease et al. [9] . But the relationship between SITRT1 and cardiotoxity is not fully clear. Our experiment found that SIRT1 agonist resveratrol administration improved cardiac function during doxorubicin induced heart injury. Our study also demonstrates that SIRT1 has a protective role in doxorubicin induced heart failure by preventing the Fig. 6 . SIRT1 agonist resveratrol ameliorates doxorubicin-induced cardiotoxicity and apoptosis in vivo. SIRT1, pro-caspase-3 (p-caspase-3), cleaved caspase-3(c-capsase-3), Bax, Bcl-2, p-p38MAPK, p38MAPK and GAPDH in heart samples of control mice (Con), doxorubicin treated (DOX), doxorubicin plus resveratrol (DOX+RES) (n=6, *P <0.05, **P <0.01).
assayed by Echocardiography (n=6). C: The average ROS production in heart samples of normal mice (Con), doxorubicin treated (DOX), doxorubicin plus resveratrol (DOX+RES) (n=6). D: The average TUNEL staining in heart samples of normal mice (Con), doxorubicin treated (DOX), doxorubicin plus resveratrol (DOX+RES) (n=6) (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry doxorubicin-induced increase in oxidative stress and apoptosis in cardiomyocytes. To define the mechanisms for SIRT1-mediated protection in the DOX-treated cardiomyocytes, we assessed the oxidative stress and cell apoptosis in vivo and in vitro. We observed a significant decrease of ROS production in resveratrol treated mouse after doxorubicin-induced heart injury. This demonstrated that SIRT1 agonist resveratrol treatment has a protective role in doxorubicin -induced heart failure by decreasing oxidative stress.
Oxidative stress is also known to induce apoptosis by regulating inflammation signal pathway and pro-apoptotic signal pathways, which leads to ventricular dilatation both in humans and in animal models of heart failure [18, 19] . Oxidative stress has been suggested to cause the activation of p38MAPK, which is the primary target in oxidative stress-induced heart injury [11, 20, 21] . In the present study, we have demonstrated that SIRT1 can inhibit p38MAPK phosphorylation and protect cardiomyocyte function.
Furthermore, these experiments show that the over-expression of SIRT1 by adenovirus or by the SIRT1 agonist resveratrol can inhibit the activation of caspase-3, Bax, and p38MAPK. Also, SIRT1 over-expression causes an increase in SOD-1 and Bcl-2 expression. Finally, the SIRT1 blocker niacinamide was shown to nullify these protective effects.
Collectively, these experiments show that SIRT1 plays an important role in regulating cardiac function by inhibiting oxidative stress and inflammation, and promoting cell survival, particularly in the model of doxorubicin-induced cell and function loss.
There are several limitations that require attention. First, although our study clearly indicates that SIRT1 protects cardiomyocytes from doxorubicin-induced apoptosis in cell and mouse models, it requires further investigation to determine the corresponding effect in humans. Also, resveratrol has various pharmacological effects, and SIRT1 is only one of its targets in vivo and in vitro [22, 23] . Therefore, there are certainly other targets of resveratrol that require careful studies. Another limitation is the scope of the in-vivo study, which focused only on SIRT1 and oxidative stress inhibition. Further studies are required to define the role of SIRT1 in doxorubicin-induced cardiotoxicity.
Conclusion
We found that SIRT1 is involved in the protection of the heart from doxorubicin-induced oxidative stress and apoptosis, partly through the inhibition of the p38MAPK pathway. These findings are provocative and suggest SIRT1 as a potential therapeutic target to prevent cardiotoxicity caused by doxorubicin.
